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The Ayeyarwady and Thanlwin Rivers, which drain Myanmar, together form one of the
largest point sources of freshwater and sediment to the global ocean. Combined, these
rivers annually deliver an estimated 485 Mt of sediment to the northern Andaman Sea. This
sediment contributes to a perennially muddy zone within the macro-tidal Gulf of Martaban,
but little is known about the processes that dominate dispersal and trapping of sediment
there, as very few water column observations are available. A research cruise in December
2017 provided a rare opportunity to obtain Acoustic Doppler Current Proﬁler (ADCP) data
along transects from the Gulf of Martaban and adjacent continental shelf. Two transects
were obtained from the outer portion of the Gulf of Martaban in water depths that ranged
from about 20–35 m. These showed very fast currents, especially during ﬂood tide
conditions, exceeding 1.5 m/s. The backscatter record from the ADCP indicated
asymmetries in distribution of suspended sediment during the ebb versus ﬂood phase
of the tide. During ebb tidal conditions, the backscatter record indicated that sediment was
transported in either a surface advected layer, or fairly well-mixed throughout the water
column. In contrast, during ﬂood tidal conditions, sediment was conﬁned to the bottom
boundary layer, even though the velocities were faster during ﬂood than the ebb
conditions. The vertical structure of the currents during ﬂood tide conditions indicated
the presence of sediment–induced stratiﬁcation because currents within the near-bed
turbid layers were relatively slow, but speeds increased markedly above these layers. This
albeit limited dataset provides an exciting glimpse into the dynamics of sediment transport
within the muddy, macrotidal Gulf of Martaban, and implies the importance of tidal straining
and bottom nepheloid layer formation there.
Keywords: Gulf of Martaban, tidal currents, suspended sediment, macrotidal estuary, ADCP

1 INTRODUCTION
Riverine discharge accounts for the majority of sediment input to the ocean, with the largest
~25 rivers accounting for 40% of this sediment (see Milliman and Meade, 1983; Meade, 1996;
McKee et al., 2004). Once delivered to oceanic environments, a number of transport processes
operate on, and transform sediment and associated nutrients such as organic carbon, before
their eventual deposition and burial (McKee et al., 2004). Large Asian rivers draining the
Tibetan Plateau are especially signiﬁcant and account for 25% of global sediment delivery to
marginal seas (Kuehl et al., 2020). The third–largest contributor from the Tibetan Planteau is
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FIGURE 1 | Map of study area in the northern Andaman Sea (see inset for location within Indian Ocean). Black and white lines show locations of all ADCP transects.
This manuscript focused on the eastern-most ADCP Transects #5 and #21, shown as black lines. Red markers show locations of CTD-Tu samples. Orange marker
shows location of Duya, Myanmar. The dotted black line demarcates areas identiﬁed as the mud blanket to the north; and a zone of accumulation to the south (Flynn
et al., in press). The orange area in the zone of accumulation represents the location of the Martaban Depresssion Clinoform (Kuehl et al., 2019; Liu et al., 2020).

the combined Ayeyarwady and Thanlwin Rivers (Kuehl et al.,
2020). Its combined freshwater discharge is estimated at
528 km3 /year, and sediment discharge at approximately
485 MT per year (Baronas et al., 2020). Additionally, these
rivers annually output 5.7–8.8 MT of organic carbon to the
coastal ocean, globally ranking second behind the Amazon
River (Bird et al., 2008). The Ayeryarwady and Thanlwin
Rivers are also relatively unaltered by damming, and as such
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have been identiﬁed as the last non-Arctic long rivers in Asia
that remain free ﬂowing (Grill et al., 2019).
Located between the Bay of Bengal and Andaman Sea, the
coastal ocean offshore of the Ayeyarwady delta includes a deltaic
ramp directly south of the delta; and a shallow but expansive
embayment to the east, called the Gulf of Martaban (Figure 1).
The funnel–shaped Gulf of Martaban is macrotidal, with semidiurnal tides and a strong spring/neap cycle. Tidal energy
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increases toward the eastern side of the Gulf of Martaban, where
tidal ranges can exceed 7 m, and tidal current speeds reach 3 m/s
(Ramaswamy et al., 2004; Rao et al., 2005). The combination of
the inﬂux of riverine muds with strong tidal energy is likely the
reason that the Gulf of Martaban exhibits one of the largest
perennially muddy coastal areas in the world, covering
45,000 km2 during spring tides (Ramaswamy et al., 2004).
Additionally, the Gulf of Martaban has been identiﬁed as one
of the most productive areas within the Bay of Bengal; the
nutrients delivered by rivers here seem to play a critical role
in supporting vital ﬁsheries (Hossain et al., 2020).
The Gulf of Martaban receives sediment and freshwater from
the Ayeyarwady River, the Thanlwin River, and the smaller
Sittang River; their combined sediment discharge accounts for
about 600 MT of sediment potentially input to the Gulf each year
(Kuehl et al., 2020). The smallest of these, the Sittang River
discharges an estimated 50 MT of sediment annually (Milliman
and Farnsworth, 2013). Previous studies have indicated that ﬂows
and sediment transport in tidal ﬂats within the Sittang estuary
tend to be dominated by the ﬂood tide, but that the morphology
may be heavily inﬂuenced by ebbing ﬂows during high discharges
in the rainy season (Choi et al., 2020). Similarly, in situ
observations of three distributaries that drain the Ayeyarwady
Delta showed these to be exporters of sediment during the rainy
season, while during low ﬂow conditions the distributaries may
retain sediment delivered from offshore (Glover et al., 2021).
While these studies showed that sediment delivery to the Gulf of
Martaban responds to spatial, seasonal, and interannual
variability; studies have yet to directly link the ﬂuvial sediment
sources to the depositional record offshore.
Previous studies have mapped seabed sediment texture within
the Gulf (Rao et al., 2005) which has been characterized as a “mud
blanket” (Hanebuth et al., 2015). Recently, however, analysis of
sediment cores and CHIRP seismic data have provided insight
into the depositional environment in this area. The seabed within
the shallow Gulf of Martaban contains a thick mixed layer
(0.25–1.2 m thick) which is evidence of intense resuspension,
but exhibits relatively low accumulation rates (Kuehl et al., 2019).
It has been characterized as a “ﬂuid mud reactor” (i.e., Aller,
1998), because the frequent resuspension and apparent trapping
within the Gulf likely impact geochemical cycling of organic
matter there (Kuehl et al., 2019; Flynn et al., in press).
Accumulation rates generally increase offshore in the Gulf of
Martaban, and Flynn et al. (in press) note a general transition
from the mud blanket to a zone of accumulation at about the
mouth of the Gulf (Figure 1).
Offshore of the Gulf of Martaban a clinoform depocenter has
developed spanning water depths from ~40–130 m (Kuehl et al.,
2019; Liu et al., 2020). Termed the Martaban Depression
Clinoform (Figure 1), this depocenter has been active over the
Holocene (Liu et al., 2020); and currently accumulates
approximately 6–8 cm/year (Flynn et al., in press; Kuehl et al.,
2020). This feature appears to trap a signiﬁcant fraction of the
Ayeryarwady/Thanlwin River discharge of sediment and organic
matter (Kuehl et al., 2019; Flynn et al., in press). However, the
transport mechanisms that carry material from ﬂuvial sources to
the clinoform; and the residence time of material within the mud
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blanket/ﬂuid mud reactor of the Gulf of Martaban are poorly
constrained and limited by our lack of observations from the site.
The oceanographic and coastal dynamics in this region are
inﬂuenced by tides and seasonal monsoons (Rodolfo, 1969;
Ramaswamy and Rao, 2014). From the months May to
September the region experiences Southwest (SW) monsoon
conditions, dominated by strong winds from the southwest.
During the months December through February, the area
experiences Northeast (NE) monsoons with moderately strong
winds typically from the NE (Ramaswamy and Rao, 2014).
Seasonal ﬂuctuations in circulation have been argued to
produce a bi-directional transport pathway; wherein ﬁnegrained sediment would be imported into the Gulf of
Martaban during the energetic SW monsoon, but exported
westward during NE monsoon conditions (Anthony et al.,
2019; Kuehl et al., 2019; Liu et al., 2020; Glover et al., 2021).
Generally, historical data from this location and satellite
observations have been used to characterize surface currents
(Rodolfo, 1975; Rao et al., 2005), but the directions of the
near-bed ﬂows that dictate sediment movement and fate
remain unclear. Additionally, CTD-Tu (Currents/Temperature/
Depth/Turbidity) casts obtained in December 2017 indicated the
presence of ﬂuid mud in the bottom meters of the water column
within the Gulf of Martaban (Kuehl et al., 2019). The presence of
these ﬂuid mud layers implies that the surface currents that have
been characterized may be very different from near-bed currents
that control sediment movement. Little is known about the nearbed processes and circulation that are responsible for maintaining
the turbidity within the Gulf of Martaban, or for delivering
material to offshore depocenters.
Direct observations of suspended concentrations for the Gulf
of Martaban are limited to an april/May 2002 study that used
ﬁltered water samples to characterize sediment concentrations as
being in the 100s of mg/L, and composed of terrigenous silty clays
(Ramaswamy et al., 2004). Satellite data have been used to infer
spatial patterns and have shown that turbidity in the Gulf of
Martaban is especially responsive to the spring/neap cycle, with
the extent of the turbid zone being largest during spring tides
(Ramaswamy et al., 2004). Compilations of satellite images have
also indicated a seasonal signal to the surface turbidity, with the
turbid zone covering the largest expanse during the NE monsoon
season of December–February (Matamin et al., 2015). Analysis of
satellite data has indicated that seasonal suspended sediment
concentrations are highest in December, when monthly averaged
surface concentrations were estimated to exceed 200 mg/L
throughout the Gulf of Martaban (Anthony et al., 2019).
In summary, the Gulf of Martaban has a global signiﬁcance in
terms of sediment and organic carbon transfer from land to
ocean, and in basin-scale ﬁsheries productivity. In spite of this,
very little has been observed regarding estuarine hydrodynamics
or suspended sediment transport within the Gulf. At present we
lack data to constrain the sediment transport mechanisms that
carry material from ﬂuvial sources, through their residence in the
muddy Gulf of Martaban, to their ultimate deposition in the
clinoform depocenter. Observations of currents and turbidity at
depth are needed to test numerical and conceptual models of
hydrodynamics and sediment transport, and constrain sediment
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transport pathways there. This manuscript presents data from
two ADCP (Acoustic Doppler Current Proﬁler) transects that
were obtained during December 2017 from the outer Gulf of
Martaban.

2 MATERIALS AND METHODS
Within this paper, we provide a unique glimpse at
hydrodynamics and sediment dynamics for the Gulf of
Martaban, based primarily on water column observations
taken during a research cruise.

2.1 Cruise Data
During December 2017 a research cruise was conducted on the
vessel the Sea Princess over the Ayeyarwady subaqueous delta
and within the Gulf of Martaban (Kuehl et al., 2019; Liu et al.,
2020). Though the primary focus of the cruise was to obtain
sediment bed samples and map the seaﬂoor, it afforded a rare
opportunity to obtain water column data.

2.1.1 ADCP Data
During the cruise, which surveyed over 1500-km in the northern
Andaman Sea and Bay of Bengal, an ADCP was mounted from the
boat, facing vertically downward to record current velocities and
acoustic backscatter within the water column. Though it was not
calibrated, the backscatter intensity of the ADCP acts as a proxy for
the relative magnitudes and vertical distribution of suspended
sediment concentrations (e.g., Holdaway et al., 1999). During this
cruise, over ﬁfteen ADCP transects were recorded covering a large
geographic portion of the coastal Ayeyarwady delta and Gulf of
Martaban (Figure 1). The TRDI (Teledyne RD Instruments)
600 kHz ADCP was conﬁgured in mode 12 and recorded
measurements from 255 vertical bins each with a thickness of
33 cm for a maximum coverage of 84 m water depth. Bottom
tracking that assumed the presence of a static seaﬂoor was used
to adjust current velocities to account for the boat’s speed relative to
the sea ﬂoor. Of these ADCP transects, six were chosen for initial
analysis. Data from transects located south and west of the
Ayeyarwady Delta showed a general westward direction to
currents, consistent with seasonal patterns of circulation that have
been published (Rodolfo, 1975; Ramaswamy and Rao, 2014).
However, because the sampling period was short relative to the
expected variability of non-tidal currents, this paper is limited to
analyzing the ADCP data from within the tidally dominated area.
This paper focuses on two transects taken in the outer Gulf of
Martaban. Transects #5 and #21 (see Figure 1) provided insight
into the tidal control on sediment dispersal in the outer Gulf of
Martaban. These two transects covered water depths that ranged
from about 20–35 m. Transect #5 was located along the eastern
side of the outer Gulf, while Transect #21 was located in the
central area of the outer Gulf (Figure 1). In discussing the ADCP
data, locations will be referenced with respect to distance along
the transects.
Suspended sediment concentrations cannot be directly inferred
from the backscatter data, because they were not calibrated. Sediment
cores taken prior to both transects showed variations in grain size,
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FIGURE 2 | Timeseries of oceanographic and meteorological conditions
during the December 2017 research cruise. Transects #5 and #21 were
obtained during the times marked. (A) Times of high and low tidal elevation for
Duya, Myanmar (Egbert and Erofeeva, 2002). (B) Wind vectors and (C)
Wave heights from GFS (Environmental Modeling Center, 2003). Wind vectors
show direction toward which the modeled wind blew.

indicating that sand fraction varied from ~3 to ~30% within the area
sampled by these transects (data from Kuehl et al., 2019), while
suspended material was previously characterized as silty clay
(Ramaswamy et al., 2004). Seabed organic content in this area
was fairly uniform at about 0.6–0.7% (Flynn et al., in press).
Water column samples were not obtained with which to
characterize suspended grain sizes or concentrations, but the
ADCP backscatter remains useful for characterizing the vertical
distribution of, and relative concentrations of suspended material.
For each transect, a principal axis for the current velocity was
identiﬁed using a Principal Component Analysis (PCA). The
principal axes for both transects were generally oriented in a
northeast/southwest direction, and the majority of the variability
in the currents was along the major axes. This manuscript reports
velocities components that are rotated to be along and
perpendicular to the major axis of the currents, which we
term the local “along Gulf” direction.

2.1.2 CTD-Tu Data
While on the cruise, several CTD-Tu (Conductivity, Temperature,
Depth, and Turbidity) proﬁles were taken when the ship was
anchored. Speciﬁcally, the CTD-Tu (RBR XRX-620) package was
manually deployed, sampling at 6 Hz during descent through the
water column at a rate of ~20 cm s−1. An OBS was mounted on the
CTD and its voltage readings indicate relative turbidity, but were not
calibrated to provide suspended sediment concentration. These were
analyzed previously and shown to provide evidence that ﬂuid muds
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FIGURE 3 | Satellite image taken within a day of ADCP Transect #5.
Location of transect (black line) and CTD-Tu (red circle) shown. Duya,
Myanmar shown as orange marker. Image from NASA Worldview.

FIGURE 4 | Vertical proﬁles of (A) Salinity, (B) Temperature, and (C)
Voltage from CTD-Tu. Vertical axes represent the normalized depth (z/total
water depth). CTD-Tu proﬁles taken directly before Transect #5 (red lines) and
during Transect #21 (blue dashed lines).

exist within the Gulf of Martaban, having vertical thicknesses of a few
meters (Kuehl et al., 2019). Two of these CTD-Tu proﬁles, obtained
nearly concurrently with ADCP Transects #5 and #21, are used
within this manuscript to characterize water column structure to as a
complement to the ADCP data.

initiated near the end of ebb tide; continuing through low tide and the
transition into ﬂood tide conditions (Figure 2A). Output from the
global GFS model indicated that conditions during the cruise were
rather calm, with wave heights estimated to be ~1 m (Figure 2C).
Wind speeds were estimated at < 5 m/s, and the GFS model indicated
that winds turned from being from the northwest early in the cruise,
and then were primarily from the northeast (Figure 2B).

2.2 Ancillary Data
Observations of oceanographic and meteorological data are
largely unavailable for the Gulf of Martaban. Therefore, data
from global numerical models provided useful information for
placing the ADCP data in the context of the oceanographic and
meteorological conditions present during the cruise. Data from a
global tidal model (Egbert and Erofeeva, 2002) for the location of
Duva, Myanmar (see Figure 1) allowed us to characterize the
tidal conditions at the time of ADCP deployment (Figure 2A).
Because local measurements of winds and waves were not
available for the Gulf of Martaban, we used a global numerical
model, the Global Forecast System (GFS (Environmental
Modeling Center, 2003)) to classify the meteorological
conditions during the cruise (Figures 2B–C). Additionally,
satellite imagery from NASA Worldview Application (2021)
allowed us to put the ADCP transect observations into the
larger spatial context.

3.1 Eastern Gulf of Martaban: Transect #5
Transect #5 was recorded on 9 December 2017 beginning at 05:34
UTC and ﬁnishing at 08:40 UTC. The transect covered about
22 km on the eastern side of the Gulf of Martaban, with the boat
traveling westward toward the middle of the Gulf of Martaban
(Figure 3). Water depths along the transect spanned from about
25 to 35 m, with the shallowest region sampled earliest in the
transect. Based on water level at the closest tidal station to the
transect (Duya), tidal conditions during the 3-h transit spanned
from the end of ebb tide, through slack, to ﬂood tide (Figure 2A).
Sediment cores were taken immediately prior to, and following
the ADCP transect. These data indicate that there was little
change in organic content (~0.6%); though seabed texture
changed from muddy near the start of the transect, to mixed
sediments (sand, silt, and clay) at the deeper end of the transect
(Kuehl et al., 2019; Flynn et al., in press). The satellite imagery
from the day prior to the ADCP deployment shows the sampling
location to be within the fringe of the extent of the turbid waters
of the Gulf of Martaban (Figure 3).

3 RESULTS
This section provides the observed current velocities and ADCP
backscatter for two transects from the outer Gulf of Martaban
recorded in December 2017. Both of these ADCP transects were
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FIGURE 5 | Data observed along Transect #5. The distance traveled along the transect is shown on the horizontal axis, and water depth along the vertical axes.
Depth in the water column was estimated after accounting for the approximate submerged depth of the ADCP sensor. The black line represents approximate location of
the seaﬂoor. (A): water speed (m/s) in direction of primary axis, which was 9.4o clockwise from North. Blue colors indicate southward ﬂow; red indicates northward ﬂow.
(B): backscatter intensity (a measure of the return energy in decibels [dB]). The data was ﬁltered using the Winriver II software and then a triangular smoothing ﬁlter
was applied. The white vertical bars in (A) represent data that was removed because either the GPS or bottom tracking was deemed unreliable. The blue and red tick
marks on the x-axis represent the position along the transect of ebb and ﬂood, respectively, shown in Figure 8. The dotted lines during ﬂood tide (~12–25 km) represent
the approximate thickness of the near-bed turbid layer, as described in Section 4.1.

Figure 5), current velocities accelerated, and the backscatter
indicated that a near-bed turbid layer developed.
The changes observed along the transect correspond to tidal
forcing. Considering the temporal changes in the current speed
and direction (Figure 5A), the ADCP data show the transition
from ebb to ﬂood conditions. Initially, during the ﬁrst ~5 km of
the transect, which coincided with the end of ebb tide, there were
moderate speeds of about 0.5 m/s that ﬂowed southward (Figure 5A).
Next, the speeds slowed to zero during slack water at low tide from
~5–10 km along the transect. Then, as the tide turned to ﬂood, the
current direction shifted northward and speeds exceeded 1 m/s from
~17 km to the end of the transect (Figure 5A).
Similarly, the backscatter intensity showed a strong relationship
to the tides, indicating tidal forcing of suspended sediment.
Initially, during ebb (from 0 to 5 km along the transect) there
was usually a high return at all depths suggesting suspended
sediment was well mixed throughout the water column
(Figure 5B). At some times, there was evidence of clear surface
plumes in the upper 3–5 m of the water, for example at 1, 3 and
5 km along the transect (Figure 5B). As the water speeds slowed
during slack water at low tide, the upper water column cleared (at
about 6–12 km in Figure 5B). As tidal currents turned to ﬂood tide
and accelerated, a two-layer system developed (20 km to the end of
the transect, Figure 5B). There was evidence of suspended
sediment in the bottom-most 5 m of the water column, above
which the backscatter intensity showed a sharp decrease indicating
the presence of a near-bed turbid layer overlain by clearer water.
The current velocity also showed speeds were slow within the
turbid layer but reached very fast speeds (~1.5 m/s) directly above
the turbid layer (Figure 5).

Additionally, a CTD-Tu was obtained immediately before
Transect #5. This showed that the water column was wellmixed, with a thin (~few meters) surface layer that had
slightly depressed salinity and increased temperature (Figures
4A,B). The voltage for the OBS (Optical Backscatter Sensor)
provides a measure of the vertical structure of water column
turbidity. It showed relatively low backscatter (~0.3 V) and
indicated that the suspended sediment was well mixed at this
time (Figure 4C). For comparison, OBS readings reached 4 V at
other locations and times during this cruise (Kuehl et al., 2019).
The Principal Component Analysis (PCA) performed on the
velocity data from Transect #5 showed that the principal axis of
the velocities was directed 9.4o clockwise from North, aligned
generally in “along Gulf” and “across Gulf” directions. The
currents were strongly oscillatory, with components along the
principal axis containing most (93%) of the variability in the
currents. The component of the currents perpendicular to the
principal axis had much smaller magnitudes (0.1 m/s), compared
to velocity components that exceeded 1 m/s along the
principal axis.
Considering the ADCP data in terms of the spatial variations
along the 22-km transect, conditions observed over the shallower
portion of the transect (0–7 km on Figure 5A) had a well–mixed
water column with moderate current velocities. The backscatter
in this portion of the transect indicated that suspended sediment
was mixed throughout the water column, except for surface layers
that had small backscatter (0–7 km on Figure 5B). This was
consistent with the CTD-Tu record that showed little evidence of
stratiﬁcation or isolated layers of turbidity. When the boat
traveled into deeper water away from the coast (17–23 km on
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found at increasing water depths (Figure 7). The CTD-Tu taken
in the middle of Transect 21 was located around 20 km
(Figure 4). It showed a fairly well-mixed water column with
relatively low voltage by the OBS (~0.5 V), indicating low
sediment concentrations compared to other locations that
were sampled during the cruise (i.e. Kuehl et al., 2019). In the
more seaward portion of the transect (~25–39 km), the
backscatter indicated the presence of a near-bed turbid layer,
while turbidity in the upper water column was reduced
(Figure 7B). At this point in the transect (~25–39 km), the
northward directed current velocities reached high speeds
(~1.5 m/s; Figure 7A).
The temporal changes in the current speed and direction along
Transect #21 correspond to tidal forcing and show the transition
from ebb to ﬂood conditions (Figure 7A). The ﬁrst ~10 km of the
transect coincided with the timing of the ebb tide. The highest
observed currents during the ebb were about 1 m/s, ﬂowing
offshore (Figure 7A). Next, the speeds fell to zero during slack
water at low tide from ~12–17 km along the transect. Then, as the
tide turned to ﬂood, the current direction shifted northward, and
speeds exceeded 1.2 m/s from ~25 km to the end of the transect
(Figure 7A).
The backscatter record indicated that the vertical distribution
of suspended sediment also responded to tidal forcing. At the
beginning of the transect (0–8 km), the current was ebbing, and
there were two distinct backscatter layers (Figure 7B). At this
time, the surface waters showed much more backscatter than the
lower water column, indicating that the ebb tide was exporting
muddy water in the surface layer from the Gulf of Martaban.
During slack tide, from 8–18 km along the transect, sediment
appeared to settle as the turbid layer shifted from surface waters
toward the mid-water column (Figure 7B). Then, ﬂood tide
commenced, and current speeds increased (20–35 km along
the transect), and a near-bed turbid layer appeared in the
bottom few meters of the water column (Figure 7B). This
suspended layer experienced northward ﬂux in the relatively
thin near-bed bottom layer. Sediment concentrations during
the ﬂood tide appeared to be smaller than during the ebb tide,
based on comparing the backscatter intensity during these times
(Figure 7B).
In summary, over the conditions observed for Transect #21,
fast currents (>1 m/s) occurred during both ebb and ﬂood tidal
conditions. The backscatter indicated more sediment was
suspended during the ebb tide than the ﬂood tide, even
though observed currents were faster during ﬂood. This was
expected since the ebb transports water from the more turbid
estuarine waters, carrying it seaward (see Figure 6). During the
strong ﬂows observed during the ﬂood tidal phase, a two-layer
ﬂow developed with a turbid near-bed layer.

FIGURE 6 | Satellite image taken on the same day that Transect #21
was sampled. Location of transect (black line) and CTD-tu (red mark) shown.
Duya, Myanmar shown as orange mark. Image from NASA Worldview.

3.2 Central Gulf of Martaban: Transect #21
Transect #21 was collected in two sections in the outer portion of
the central Gulf of Martaban, with a gap of about 10-min between
the two collection periods. Sampling began on December 17, at
11:39 UTC, and concluded on 17:26 UTC (Figure 6). The data
from these two sections covered about 39 km, and were obtained
over about 6 h. It sampled water depths that ranged from
20–30 m with the boat traveling southward. Additionally, a
CTD-Tu was obtained during the gap in the ADCP collection.
Similar to Transect #5, during the time when Transect #21 was
sampled, the tides went from ebbing, through low tide at slack
water, and then reached ﬂood tide (Figure 2). A sediment core
taken adjacent to Transect #21 showed that the seabed was about
20% sand and 80% mud; with an organic content of about 0.6%
(Kuehl et al., 2019; Flynn et al., in press).
Principal Components Analysis (PCA) of the velocity data
from Transect #21 showed that the principal axis of the velocities
was directed 20.5o clockwise from North; roughly aligned with
“along Gulf’ and “across Gulf” directions. The currents at this
location were strongly oscillatory, with components along the
principal axis containing most (92%) of the variability in the
currents. The velocity components perpendicular to the principal
axis were an order of magnitude smaller (0.12 m/s) than the
velocity components along the principal axis, which reached
magnitudes of 1.5 m/s.
Three distinct portions of Transect #21 are evident. At the
most shoreward portion of the transect (0–7 km), velocities were
high (~1 m/s) and southward, and the backscatter indicated the
presence of a surface turbid plume (Figure 7). In the next region
(~7–17 km), current velocities slowed, and the turbid water was
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4 DISCUSSION
Here, the ADCP data from both transects are synthesized to look
for common features during ebb and ﬂood tide conditions, and
qualitatively assessed to evaluate net sediment ﬂuxes over the
ebb–to–ﬂood tide.
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FIGURE 7 | Data observed along Transect #21. The distance traveled along the transect is shown on the horizontal axis, and water depth along the vertical axes.
Depth in the water column was estimated after accounting for the approximate submerged depth of the ADCP sensor. The black line represents approximate location of
the seaﬂoor. (A): water speed in direction of primary axis is displayed in the colorbar in m/s, which was 20.5 o clockwise from North. Blue colors indicate ﬂow out of the
Gulf, red indicates ﬂow into the Gulf (B): backscatter intensity (a measure of the return energy in decibels [dB]) in the colorbar. High values of backscatter intensity
indicate the presence of suspended sediment. The data was ﬁltered using the Winriver II software and then a triangular smoothing ﬁlter was applied. The white vertical
bars in (A) represent data that was removed because either the GPS or bottom tracking was deemed unreliable. The blue and red tick marks on the x-axis represent the
position along the transect of ebb and ﬂood, respectively, shown in Figure 8. The dashed lines during ﬂood tide (~23–40 km) represent the approximate thickness of the
near-bed turbid layer, as described in Section 4.1.

Though currents were faster for these proﬁles during ﬂood
conditions than ebb, the acoustic backscatter were higher during
ebb than ﬂood (Figure 8). This indicates that concentrations were
higher during ebb than ﬂood. The acoustic backscatter from both
transects showed that the vertical distribution of suspended
sediment differed during ebb tide compared to ﬂood (Figures
8B,C). During ebb tide, suspended sediment was fairly
well–mixed at Transect #5 (Figure 8B), while a surface turbid
layer was seen in the central Gulf of Martaban (Transect #21;
Figure 8D). During ﬂood conditions, however, the acoustic
backscatter from both transects indicated the presence of nearbed turbid layers, with high backscatter evident in the bottom
40% of the water column (Figures 8B,D).
The backscatter records from both transects were analyzed to look
for a sharp vertical gradient in suspended sediment concentrations,
i.e., a lutocline. The thickness of the near-bed turbid layer for the ﬂood
portions of the transects were identiﬁed and are shown as dotted lines
in Figure 5B, Figure 7B. The lutocline was identiﬁed as the deepest
point for which a threshold backscatter reading was observed. Highfrequency variability in the layer thickness was removed by
application of a Robust Loess smoothing function. Thus identiﬁed,
these near-bed layers ranged from about 2–11 m in thickness (dotted
lines in Figure 5B, Figure 7B). Interestingly, the velocity structure of
the ﬂood–tidal currents showed a similar behavior to the thickness of
the near-bed turbid layer. Velocities within the turbid layer tended to
be lower than the velocities immediately above the turbid layer, and
the thickness of these turbid layers aligned with the approximate
height of the mid-water column peak in speeds (Figure 5A,
Figure 7A).

4.1 Vertical Structure of Ebb vs Flood
Comparing conditions observed at these two transects (e.g.,
Figure 4), the eastern Gulf of Martaban (Transect #5) had
higher salinity than the transect from the central Gulf of
Martaban (Transect #21). Satellite imagery indicated that the
surﬁcial suspended sediment concentrations would be higher
in the central region compared to the eastern Gulf of
Martaban (Figure 3, Figure 6), and the ADCP backscatter
was consistent with this: showing higher backscatter for
Transect #21 than #5 (Figure 5B, Figure 7B).
Additionally, the ADCP transects show that the eastern
region had lower current velocities than the central region,
at least for the time sampled (Figure 5A, Figure 7A). Current
speeds along both transects reached magnitudes of about
1.5 m/s during ﬂood tide, and for both transects the fastest
currents occurred in the mid-water column during ﬂood
(Figure 5A, Figure 7A).
To better visualize the vertical structure of the currents and
suspended sediment, proﬁles for each were taken from Transects #5
and #21 that were representative of ebb and ﬂood conditions
(Figure 8). These proﬁles present data that was smoothed by
time-averaging the samples for 1-min along the transect, and by
applying a 1-m running average in the vertical. For both transects,
the proﬁles for ﬂood tide had faster current velocities than the ebb
tide (Figures 8A,C). Additionally, the vertical structure for the ﬂood
tides showed more shear at both locations than the ebb tide; and the
ﬂood tide had a mid-water column peak in speed, whereas the ebb
tides showed current speeds to increase toward the surface water
(Figures 8A,C).
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FIGURE 8 | Vertical proﬁles of velocity and backscatter from Transects #5 and #21 taken during Ebb and Flood conditions. The proﬁles averaged the
measurements for 1-min; and over1-m depth intervals. Panels (A) and (C) display the velocity components and speed. Panels (B) and (D) show the backscatter return.

velocity data indicate that seaward sediment ﬂux was an
important component of the net ﬂux for the conditions
sampled. The ADCP backscatter was higher during ebb
conditions than ﬂood for both transects (Figures 8B,D).
During ﬂood conditions at both transects, near-bed turbid
layers appeared, but they had lower backscatter values than
those seen for ebb conditions (Figures 8B,D). Additionally,
current velocities were depressed in the bottom boundary layer
where these turbid layers formed (Figures 8A,C). Furthermore
the transects were begun during the waning portion of ebb
conditions, when velocities were decreasing and therefore
likely underestimated the capacity of the ebb tides to transport
sediment. Taken together, these indicate that the ﬂood tides
would not be very effective at transporting sediment, so that

This provides evidence that sediment–induced stratiﬁcation
(Smith and McLean, 1977; Glenn and Grant, 1987) dampened
vertical mixing and inﬂuenced the vertical structure of the
observed currents during ﬂood tide conditions. The reduced
velocities within the turbid bottom layer could be attributed to
enhanced drag and reduced turbulent mixing due to the increased
density gradient in the bottom layers (e.g., Trowbridge and
Kineke 1994; Friedrichs et al., 2000).

4.2 Tidal Modulation of Sediment Flux
Because the ADCP backscatter was not calibrated for suspended
sediment, and because the transects did not cover a full
ebb–to–ﬂood tidal cycle, it is impossible to quantitatively
assess sediment ﬂuxes. However, the backscatter and current
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within the Gulf of Martaban, and delivery mechanisms from
riverine sources to the clinoform depocenter, however, obviously
requires consideration of larger spatical scales and longer
timescales. Numerical models that couple hydrodynamics and
suspended sediment that can reproduce the vertical structure of
these ebb and ﬂood conditions may provide insight into the
transport mechanisms that carry sediment from the turbid zone
to depocenters. Multi-scale numerical models would be needed to
place in context the relative contributions of seasonal, tidal, and
spatial variations in sediment delivery that have been observed in
the tidal rivers of the system (e.g., Choi et al., 2020; Glover et al.,
2021), with the larger scale development of the Gulf mud blanket
and Martaban Depression clinoform. Additionally, a threedimensional numerical model could put these limited
observations into the larger context of the Gulf of Martaban
by accounting for exchanges with the Ayeryarwady delta region,
the impact of baroclinic forcings, spring/neap variability, and
seasonal variations in winds and wave energy.

the ebb tides may contribute a signiﬁcant part of the net
sediment ﬂux.
The ADCP data, made in water depths of ~30 m, contrast
somewhat with the observations that have been made in the
shallower, tidal-river portions of the sedimentary system. For
example, water column observations obtained over a 3-day period
on a tidal ﬂat of the Sittang River, saw sediment ﬂuxes were
dominated by landward pulses during ﬂood tidal bores (Choi
et al., 2020). Geomorphology indicated that over longer-term
timescales (seasonal to century), however, ebbing conditions
during high discharges (i.e., during the southeast monsoon, or
tropical cyclones) were important to maintaining the structures
of the Sittang River channels and meander bends (Choi et al.,
2020). Water column observations from three distributary
channels that spanned the Ayeyarwady Delta similarly showed
a seasonal variation in ebb vs ﬂood-tide dominance of sediment
ﬂux (Glover et al., 2021). During the rainy season, the three
distributary channels showed export of ﬂuvial sediment to the
shelf. During the low ﬂow season, however, the eastern-most
distributary (the Yangon River estuary) appeared to have
sediment ﬂuxes dominated by the ﬂood tide indicating that
sediment from the Gulf of Martaban was transported landward
in this channel during these conditions (Glover et al., 2021).
These ADCP transects were located in the transition zone
between what has been characterized as a “ﬂuid mud reactor”
(i.e., Aller 1998) within the shallow Gulf of Martaban and the
clinoform depocenter (Kuehl et al., 2019; Liu et al., 2020).
Transect #21, in particular, was located at the landward edge of
the clinoform (Figure 1). The residence time of sediment within the
Gulf, and resultant geochemical cycling of organic matter associated
with the sediment, depend on the speciﬁc transport mechanisms that
deliver material from the muddy Gulf of Martaban to the
depocenter. Mechanisms that have been suggested for delivering
sediment from the turbid Gulf of Martaban to the clinoform include
bottom nepheloid layers, seasonal variations in wind-driven
currents, storm-driven transport, and tidally modulated ﬂuxes
(Ramaswamy et al., 2004; Liu et al., 2020).
Though limited in scope, the data from this study indicate that
tidal pumping creates export of sediment during ebb tides that
deliver sediment from the Gulf of Martaban to the depocenter. It
also implies that tidal straining, whereby stratiﬁcation effects
impact the vertical distribution of momentum and suspended
sediment concentration may play a role. Classically, tidal
straining has been attributed to variations in density due to
salinity (i.e., Simpson et al., 1990), and many estuaries exhibit
the straining effect during ebb tides when freshwater is carried
over more salty water (e.g., Scully and Friedrichs 2007). In the
Gulf of Martaban data, however, the suppression of turbulence
appears to occur during ﬂood conditions, when the clearer water
from the deep–sea is carried over the muddy water from the Gulf
of Martaban. Similar behavior has been observed in the Huanghe
Estuary, and attributed to longitudinal variations in suspended
sediment availability (Wang and Wang 2010).
The apparent importance of ebb tidal sediment ﬂux for these
locations within the Gulf of Martaban provide an interesting
contrast to other estuaries that have been classiﬁed as ﬂood
dominant. To better quantify the sediment residence times

Frontiers in Earth Science | www.frontiersin.org

5 CONCLUSION
Though limited, this dataset provides rare observations of
currents and acoustic backscatter for the outer portion of the
central and eastern Gulf of Martaban, one of the world’s
largest perennially turbid coastal areas. The observations,
made in ~20–35 m water depths, indicated that the currents
are strongly oscillatory. The primary axes of the currents
were directed in generally northeast/southwest direction at
both transects. Over the times sampled, surface currents
oscillated between 1 m/s seaward (during ebb) to >1.5 m/s
landward (during ﬂood), and velocity components were
much larger in the along-Gulf directions compared to the
across-Gulf directions. Both transects were sampled as ebb
tide conditions gave way to slack, and then ﬂood conditions.
For the situations that were sampled, the ﬂood velocities
exceeded the current speeds observed during ebb conditions.
The ADCP backscatter also indicated that the vertical
distribution of suspended sediment varied spatially and
with the tidal conditions. Acoustic backscatter and satellite
imagery indicated larger suspended sediment concentrations
in the central Gulf of Martaban than in the eastern Gulf of
Martaban. For both transects, the backscatter signal was
larger during ebb conditions than ﬂood, even though
current velocities were faster during ﬂood. During ebb
tidal conditions, suspended sediment appeared vertically
well–mixed in the eastern Gulf transect; or formed a
surface plume in the central Gulf transect. During slack
tide, both transects recorded that the suspended sediment
seemed to settle toward the bottom. For both transects as
slack gave way to ﬂood tide, fast currents coincided with the
appearance of a near-bed turbid area that ranged from
2–11 m in thickness. During ﬂood tide at both transects,
the velocity proﬁles showed mid-water column maximums
in current speeds. The upper limit of the thickness of the
near-bed turbid layer was similar to the height of the
maximums in velocity. This could indicate a feedback
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mechanism between the near-bed turbidity and velocity
shear, such as suspended–sediment induced stratiﬁcation
that would be expected for conditions of near-bed ﬂuid
muds or bottom nepheloid layers. Though it bears more
consideration, the data indicate that tidal straining during
ﬂood conditions limited the ﬂood-tidal sediment inputs into
the Gulf of Martaban, while export of sediment during ebb
conditions is an important component of the net sediment
balance for the outer Gulf of Martaban. This data indicates
that ebb-tidal delivery may be an important mechanism for
delivering material from the Gulf of Martaban mud blanket
to the Martaban Depression clinoform.
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